Probing Frontier Orbital Energies of {Co9(P2W15)3} Polyoxometalate Clusters at Molecule-Metal and Molecule-Water Interfaces. by Yi, Xiaofeng et al.
Lawrence Berkeley National Laboratory
Recent Work
Title
Probing Frontier Orbital Energies of {Co9(P2W15)3} Polyoxometalate Clusters at Molecule-
Metal and Molecule-Water Interfaces.
Permalink
https://escholarship.org/uc/item/2mr5f6bd
Journal
Journal of the American Chemical Society, 139(41)
ISSN
0002-7863
Authors
Yi, Xiaofeng
Izarova, Natalya V
Stuckart, Maria
et al.
Publication Date
2017-10-01
DOI
10.1021/jacs.7b07034
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
Probing Frontier Orbital Energies of {Co9(P2W15)3} Polyoxometalate
Clusters at Molecule−Metal and Molecule−Water Interfaces
Xiaofeng Yi,†,‡ Natalya V. Izarova,† Maria Stuckart,†,‡ David Gueŕin,§ Louis Thomas,§
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ABSTRACT: Functionalization of polyoxotungstates with
organoarsonate coligands enabling surface decoration was
explored for the triangular cluster architectures of the
composition [CoII9(H2O)6(OH)3(p-RC6H4As
VO3)2(α-
PV2W
VI
15O56)3]
25− ({Co9(P2W15)3}, R = H or NH2), isolated
as Na25[Co9(OH)3(H2O)6(C6H5AsO3)2(P2W15O56)3]·86H2O
(Na-1; triclinic, P1̅, a = 25.8088(3) Å, b = 25.8336(3) Å, c =
27.1598(3) Å, α = 78.1282(11)°, β = 61.7276(14)°, γ =
60.6220(14)° , V = 13888.9(3) Å3, Z = 2) and
Na25[Co9(OH)3(H2O)6(H2NC6H4AsO3)2(P2W15O56)3]·
86H2O (Na-2; triclinic, P1̅, a = 14.2262(2) Å, b = 24.8597(4)
Å, c = 37.9388(4) Å, α = 81.9672(10)°, β = 87.8161(10)°, γ =
76.5409(12)°, V = 12920.6(3) Å3, Z = 2). The axially oriented
para-aminophenyl groups in 2 facilitate the formation of self-assembled monolayers on gold surfaces and thus provide a viable
molecular platform for charge transport studies of magnetically functionalized polyoxometalates. The title systems were isolated
and characterized in the solid state, in aqueous solutions, and on metal surfaces. Using conducting tip atomic force microscopy,
the energies of {Co9(P2W15)3} frontier molecular orbitals in the surface-bound state were found to directly correlate with cyclic
voltammetry data in aqueous solution.
■ INTRODUCTION
Highly energy-efficient molecular spintronics is emerging as a
rapidly growing field due to the prospects of the combined
exploitation of molecular charge and spin states.1 Polyoxome-
talates (POMs) as discrete nanoscale metal-oxo clusters able to
incorporate magnetic centers in their structures offer a number
of advantages for creating molecular spintronic devices, such as
thermal and redox stability coupled with large structural
diversity and tunability of the magnetic properties.2 One of
the key challenges to fabricate molecular devices is control over
molecular anchoring on the surfaces of metallic electrodes in
terms of spatial molecular orientation as well as the degree of
electronic interactions between the metallic surface states and
the molecular orbitals.3 As such, understanding the electronic
consequences caused by the interactions of magnetically
functionalized POMs with metal substrates is essential to
their eventual use in molecular spintronics. We here elaborate a
POM-based model system that allows us to assess and compare
the molecular frontier orbitals that are accessible in molecular
charge transport measurements for a surface-adsorbed POM via
independent methods, namely, transient voltage spectroscopy
and cyclic voltammetry.
A possible step toward this goal relies on the prefunction-
alization of a magnetic molecule with “glue groups” (e.g., −SH,
−N2+, −NH2, etc.) that covalently bind, or chemisorb, to a
specific surface. In recent years it was demonstrated that such
groups can be introduced into POM species by attachment of
various organic ligands, e.g., alkoxides, siloxanes, and organo-
(bis)phosphonates and -arsonates,4−6 although examples of
functionalized magnetic POMs are still scarce,5 despite the
prospect that POM functionalization with glue groups has
already enabled well-ordered patterning of various surfaces.6
Here we explore a novel surface anchoring mode (organo-
amino group−Au surface) in an approach to render magneti-
cally functionalized POMs accessible to charge transport
experiments in distinct environments, in solution as well as in
surface-adsorbed monolayers. For the design of our target
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molecules we exploited the fact that organoarsonates on one
hand can provide a robust tetrahedral arsonate site that often
can be readily integrated as a part of a magnetic core of
transition metal ions, e.g., to replace phosphate groups
possessing a terminal oxygen (see ref 7 for some examples of
POMs containing such HPO4
− groups). On the other hand,
starting with phenylarsonate, as an easily accessible model
ligand, one can further introduce various functional substituents
to the phenyl ring (e.g., −NH2 groups in meta- or para-
positions).
Until now no magnetic organoarsonate−polyoxotungstate
derivatives have been reported, although several magnetic
bisphosphonates-containing POMs are known,5 e.g., [{(B-α-
PW9O34)Co3(OH)(H2O)2(Ale)2}2Co]
14− (H5Ale = (
+H3N-
(CH2)3)(OH)C(PO3H2)2), which was shown to exhibit
single-molecule magnet features and is composed of two {B-
α-PW9O34Co3} subunits connected via an additional Co
II
center as well as two alendronate ligands.5a
Our efforts resulted in isolation of two novel species with
general formula [CoII9(H2O)6(OH)3(p-RC6H4AsO3)2(α-
P2W15O56)3]
25−, where R is either H (1) or NH2 (2), which
w e r e c r y s t a l l i z e d a s h y d r a t e d s o d i um s a l t s
Na25[Co9(H2O)6(OH)3(p-RC6H4AsO3)2(α-P2W15O56)3]·
86H2O (Na-1 and Na-2, respectively) and characterized in the
solid state and aqueous solutions. We also carried out surface
deposition studies on bare gold surfaces for the amino-
terminated polyanion 2, which are of particular interest, as to
date the amine-containing molecule self-assembled monolayers
(SAMs) on Au were less studied in comparison with thiol-
containing SAMs.8
■ RESULTS AND DISCUSSION
Synthesis. The polyanions were prepared by reacting
CoCl2, phenylarsonic (for 1) or p-arsanilic (for 2) acid, and
the trilacunary Wells−Dawson-type polyoxotungstate (POT)
salt Na12[α-P2W15O56]·24H2O
9 in 0.66 M CH3COOH/
CH3COONa buffer solution (pH 5.2) at 60 °C for 4 days.
Plate-like brown crystals of Na16−xHx[(H2O)2Co4(α-
P2W15O56)2]·nH2O (Na-3), based on the well-known sand-
wich-type polyanion [(H2O)2Co4(α-P2W15O56)2]
16− (3),10
form as the first product during evaporation of the reaction
solution and should be repeatedly removed by filtration.
Further evaporation of the obtained filtrate within several days
leads to pink needle-like (or elongated plate-like) crystals of
Na-1 or Na-2. The crystalline materials of Na-1 and Na-2
should be collected within 1 to 2 days after formation to
prevent their contamination with Na-3 side-product. The use of
any larger amounts of CoII ions (than specified in the synthetic
procedures) during the synthesis of Na-1 or Na-2 leads to the
presence of CoII as countercations and thus should be
prevented. The influence of other synthetic reaction parameters
on the formation of 1 and 2 is discussed after the structural
description.
Crystal Structures. Single-crystal X-ray structural analysis
of Na-1 and Na-2 revealed that polyanions 1 and 2 display a
similar molecular structure based on a {CoII9(H2O)6(OH)3(p-
RC6H4AsO3)2} core (Co9L2, where L = C6H5AsO3
2− for 1 and
p-H2NC6H4AsO3
2− for 2, Figure 1c), stabilized by three [α-
P2W15O56]
12− POT moieties (Figure 1a,b).
Alternatively, the core structure of 1 and 2 can be viewed as a
C3h-symmetric trimer of {Co3(H2O)2P2W15O56} units (that can
be considered as trisubstituted {M18P2O56} Wells−Dawson-
type phosphotungstates) linked together by three OH groups
and two phenylarsonate or p-arsanilate ligands. 1 and 2
represent equilateral triangular structures with side lengths of
ca. 2.2 nm and a thickness (maximum extension of the
organoarsonates groups) of ca. 1.7 nm. Each CoII ion in the
{Co3(H2O)2P2W15O56} building block resides in an octahedral
coordination environment and coordinates to one μ4-O (3Co,
P) of the inner phosphate group (Co−O: 2.166(14)−
2.268(13) Å for 1, 2.156(14)−2.239(14) Å for 2) and two
μ2-O (Co, W) atoms (Co−O: 2.014(14)−2.109(12) Å for 1,
2.014(14)−2.100(14) Å for 2) of a {P2W15} subunit. One of
the three CoII ions additionally coordinates two μ3-O, linking it
with two other CoII centers and the AsV center of the
phenylarsonate or p-arsanilate ligand (Co−O: 2.038(13)−
2.119(13) Å for 1, 2.048(14)−2.093(14) Å for 2) as well as a
μ3-OH group that connects it to two Co
II ions of the
neighboring {Co3(H2O)2P2W15O56} unit (Co−O: 2.041(13)−
2.146(13) Å for 1, 2.048(14)−2.093(14) Å for 2).
Figure 1. Structure of polyanion 2 in front (a; H atoms omitted for
clarity) and side (b) views. (c) Structure of the {Co9(p-ars)2} core,
with CoO6 coordination spheres shown as transparent purple
octahedra. Color code: WO6, red octahedra; PO4, yellow tetrahedra;
As, green; Co, purple; C, black; N, blue; H, gray; O, red spheres; O
sites belonging to O3As groups are shown in pink; bonds in the
phenylarsonate or p-arsanilate groups are in gray; Co−O bonds in
orange.
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The other two CoII ions bind to a terminal aqua ligand (Co−
O: 2.111(15)−2.135(14) Å for 1, 2.087(16)−2.157(15) Å for
2), one above-mentioned μ3-oxygen of the phenylarsonate/p-
arsanilate and a μ3-OH group linking them to each other and to
a CoII of the third {Co3(H2O)2P2W15O56} moiety (Figure 1a).
The protonation sites (bridging OH and terminal H2O ligands)
are confirmed by bond valence sum calculations (Tables S1,
S2). The P−O and W−O bonds in 1 and 2 are typical for
POTs. As−O bonds amount to 1.659(12) to 1.685(12) Å for 1
and 1.680(13) to 1.704(15) Å for 2, while As−C bonds are
1.89(2)−1.918(13) Å (1) and 1.93(2) Å (2). The two
phenylarsonate/p-arsanilate ligands in 1/2 are located on the
opposite sides of the {Co9(H2O)6(OH)3(α-P2W15O56)3}
assembly, with their (p-amino)phenyl groups oriented along
the C3 axis of the inorganic core structure (Figure 1b,c). These
organic groups also eliminate all symmetry elements of
polyanions 1 and 2; the dihedral angle between the two
phenyl rings is 81.8(7)° in 1 and 39.4(7)° in 2. Overall, the
structure of the {Co9(H2O)6(OH)3L2(α-P2W15O56)3} assem-
blies in 1 and 2 is reminiscent of [Co9(H2O)6(OH)3(HPO4)2-
(α-P2W15O56)3]
25− (4) reported several years ago by the
Cronin group,7e where two hydrogen phosphate groups are
present instead of phenylarsonate or p-arsanilate. The central
{Co9(H2O)6(OH)3(HPO4)2} core is also present in
[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]
16− polyanions,7a−c
which were shown to catalyze heterogeneous water oxida-
tion11a−c while stabilized by Keggin-type {PW9O34}-type POTs,
along with several other Co(II)-based POTs.11d−h
We note that already back in 1984 Weakley predicted the
possibility to replace terminal oxygen in each of the two
external phosphate groups by alkyl or aryl groups for POM
functionalization.7a Our findings support a general strategy that
uses organoarsonate ligands for functionalization of magnetic
polyanions incorporating tetrahedral phosphate or arsenate
groups with terminal oxo/hydroxo groups. We also explored
similar reactions with organophosphonates (e.g., phenyl-
phosphonate); this however only resulted in the formation of
the hydrated sodium salts of the known phosphate-based
POMs 4 , Na xH25− x[Co9(H2O)6(OH)3(HPO4)2(α -
P2W15O56)3]·nH2O (Na-4).
12 Formation of Na-4 was also
observed by reacting CoCl2, phenylarsonate (or p-arsanilate),
and {P2W15} in 1 M LiCl at higher pH values (8−10) or in a
Na2CO3/NaHCO3 buffer solution (pH 9.4). We hypothesize
that the high pH of the reaction medium leads to partial
{P2W15} decomposition and the release of free phosphate
required for formation of 4. Also addition of dimethylammo-
nium chloride (DMACl) or CsCl to our reaction mixtures for
preparation of 1 and 2 results in crystallization of polyanions 4
rather than DMA or Cs salts of the desired products. Thus, pH
and counterion size play a crucial role in the isolation of 1 and 2
over nonfunctionalized 4.
As expected, IR spectra of Na-1 and Na-2 (Figure S1) are
similar and exhibit a set of three peaks characteristic for P−O
vibrations at 1084, 1042, and 1011 cm−1 for Na-1 and 1086,
1042, and 1009 cm−1 for Na-2, comparable to the peaks in the
IR spectrum of Na12[α-P2W15O56]·24H2O at 1130, 1086, and
1009 cm−1. The disappearance of the band at 1130 cm−1 and
appearance of the band at 1042 cm−1 are in agreement with
coordination of the O atom of the PO4 group at the lacunary
site of the {P2W15} ligand by three Co
II ions in 1 and 2. The
bands at 933 (Na-1) and 932 cm−1 (Na-2) correspond to W
O vibrations. Peaks at 880, 806, 731, 598, 525, and 459 cm−1
(Na-1) and 881, 806, 725, 600, 521, and 457 cm−1 (Na-2) are
associated with W−O−W, W−O−Co, and W−O−P bond
vibrations. The remarkable shift of these bands compared to
W−O−W bands in noncoordinated {P2W15} (see Figure S1) is
consistent with the coordination of CoII to {P2W15} in Na-1
and Na-2. The characteristic As−O bands (800−815 cm−1)13
overlap with W−O−W/Co/P modes (strong band at 806
cm−1). Overlap also affects As−C, C−C, and C−H vibrations
of the organic moieties in Na-1 and Na-2 in the POT region.
However, C−C and C−H vibrations result in weak bands
between 1600 and 1100 cm−1 (Figure S1). Characteristic of
Na-2 is the sharp C−N band at 1352 cm−1.
We have additionally performed ATR FT-IR measurements
on a saturated solution of Na-2 in H2O in comparison to the
solid Na-2 sample. The good match of the spectra (Figure S3)
suggests solution stability of polyanions 2 in aqueous medium,
at least within the duration of the measurement.
Thermogravimetrical Analysis. The thermal stability of
Na-1 and Na-2 was investigated in the range of 25−900 °C
under a N2 atmosphere. The TGA curves of both compounds
are similar (Figures S4, S5) and exhibit a major mass loss in
several consecutive nonresolved steps up to 300 °C due to the
release of 86 lattice water molecules per formula unit (10.6%
observed vs 10.8% calcd for Na-1, 10.3% obsd vs 10.8% calcd
for Na-2). Several additional steps in the 300−690 °C range are
attributed to the loss of six coordinated water molecules and
three hydroxo ligands, combined with decomposition and
removal of phenyl (Na-1) or p-aminophenyl (Na-2) groups of
the p-RC6H4AsO3
2− ligands as well as with O2 release due to
reduction of AsV ions (2.5% obsd vs 1.7% calcd for Na-1 and
2.6% obsd vs 1.8% calcd for Na-2). Additional decrease in mass
between 700 and 800 °C may stem from loss of volatile arsenic
oxide (e.g., as incomplete release of 0.5 As4O6 per formula unit:
0.8% expt vs 1.4% calcd (Na-1) and 0.6% obsd vs 1.4% calcd
(Na-2)). The total mass loss at 900 °C is 14.0% for Na-1 and
13.8% for Na-2.
Magnetochemical Analysis. The magnetic data of Na-1
and Na-2 are shown as χmT vs T and Mm vs B curves in Figure
2 (molar magnetic susceptibility χm, molar magnetization Mm,
temperature T, and magnetic field B). At 290 K, the χmT value
of Na-1 is 25.98 cm3 K mol−1 at 0.1 T, i.e., in the range of
20.81−30.43 cm3 K mol−1 expected for nine noninteracting,
octahedrally coordinated high-spin CoII centers.14 Upon
lowering T, χmT decreases, initially slowly (T ≥ 180 K) and
subsequently rapidly, down to 3.37 cm3 K mol−1 at 2.0 K. At
Figure 2. Temperature dependence of χmT at 0.1 T of Na-1 (black
circles) and Na-2 (red triangles). Insets: Molar magnetization Mm vs
applied field B at 2.0 K.
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this temperature, the molar magnetization Mm is almost linear
with the applied field up to ca. 2 T. For higher fields, the
magnetization subsequently increases with continuously
decreasing slope, yielding 8.1 NA μB at 5.0 T, well below the
expected saturation value of 30.0−36.3 NA μB for nine
noninteracting CoII centers. Both curves thus reveal predom-
inant antiferromagnetic exchange interactions between the nine
CoII centers in 1. While the rapid decrease of χmT upon cooling
below ∼100 K, is, for the most part, due to these exchange
interactions, the χmT vs T curve is also effected by the ligand
field of each single CoII center causing a similar contribution
that distinctly deviates from the spin-only behavior in the range
2.0−180 K. This is due to the thermal depopulation of the
energy states originating from the 4T1g ground multiplet of the
4F ground term that is further split by spin−orbit coupling
contributions, in particular due to mixing with the states
originating from the excited 4T1g(
4P) multiplet.15
The magnetic data of Na-2 and of Na-1 match almost
perfectly. Taking into account the structure of both
compounds, the slight differences of the characteristic values
(Na-2: at 0.1 T, χmT = 25.75 cm
3 K mol−1 at 290 K and 2.91
cm3 K mol−1 at 2.0 K; Mm = 7.6 NA μB at 5.0 T and 2.0 K) are
potentially due to the slightly different exchange coupling
mediated by the organoarsonate ligands, but the differences
might also be caused by minor paramagnetic impurities.
Nevertheless, the conclusions drawn from the magnetochemical
analysis of Na-1 are the same for Na-2.
A quick comparison of the magnetic data of Na-1 and Na-2
to Na-47e reveals extensive resemblance. The shapes of the χmT
vs T and Mm vs B curves are very similar, while their magnitudes
are different. This may be caused by the different ligands
(organoarsonate (Na-1, Na-2) vs phosphate groups (Na-4)).
The magnitude of deviation (about 25%) is, however,
surprisingly large, which rather points to an uncertainty in
the molar mass (as scaling factor), i.e., a different amount of a
diamagnetic component such as crystal water within the
measured sample. The samples used for magnetic measure-
ments thus were subsequently characterized by TGA; however,
the results are the same as presented above. In addition,
compounds Na-1, Na-2, and Na-4 do not show out-of-phase ac
susceptibility signals down to 1.8 K and up to 1000 Hz.
UV−Vis Spectroscopy. Aqueous solutions of Na-1 and
Na-2 (Figures S6, S8) show similar absorption spectra that
exhibit a strong maximum at around 200 nm (215 nm for Na-1
and 195 nm for Na-2) followed by an absorption maximum at
around 260 nm (which is well-resolved for Na-1 and is
overlapped with the first absorption peak for Na-2) in the UV
light area and a less intense absorption maximum at 532 nm in
the visible light area. The spectrum remains unchanged for at
least 18 h, confirming the short-term stability of polyanions in
aqueous solutions (Figure S9), in line with the conclusions
obtained from the Diamond ATR-FTIR measurements.
Electrochemical Studies. We have recorded cyclic
voltammograms for 0.7 mM Na-1, Na-2, Na-3, and Na-4
solutions in 0.5 M CH3COONa buffer (pH 4.8). The
electrochemical behavior of the three Co9-based POMs (1, 2
and 4) is very similar. The cyclic voltammograms for these
species exhibit four redox couples attributed to reduction and
reoxidation of the WVI centers of the POT ligands between
−0.50 and −1.05 V vs Ag/AgCl (Figures 3, S10, Table 1). At
potentials below −1.05 V a reduction of solvent occurs, coupled
with formation of a film on the glassy carbon electrode. In
comparison to the electrochemical activity of the sandwich-type
polyanions 3 in the same medium, exhibiting three well-defined
redox waves before hydrogen evolution (Table 1, Figure S11),
reduction of WVI centers in the Co9-based species takes place at
more negative potentials showing higher redox stability of the
latter. The peak currents for the redox processes in 1−4 are
proportional to the square root of the scanning rate, which is
characteristic for diffusion-controlled electrode reactions. At
higher pH (6.4) all redox waves are shifted toward more
negative potentials (Figure S12), indicating that the reduction
of tungsten(VI) ions is coupled with proton transfer, as it is
common for POTs.16 Correspondingly, only three redox waves
are accessible for 2 in the pH 6.4 medium before hydrogen
evolution. No reversible redox waves associated with CoII
oxidation in the {Co9L2} core could be observed in the
positive potential range at both pH 4.8 and 6.4.
The CV curves of 1, 2, and 4 remain unchanged for several
hours; however after 1 day an additional shoulder centered at
around −0.50 V appears, while there are also other slight
changes in relative intensities and shape of the other redox
waves. The shoulder at −0.50 V looks very similar to the first
redox wave observed for 3 in the same medium (Figure S13).
These changes are accompanied by a color change of the POM
solutions from pink to light-brown. These observations imply
partial decomposition of the {Co9L2(P2W15)3} POMs in 0.5 M
sodium acetate buffer (pH 4.8) followed by formation of the
{CoxNa4−x(P2W15)2} species; this is also in agreement with the
presence of Na-3 as a common side-product during the
synthesis of Na-1 and Na-2.
Formation and Characterization of Self-Assembled
Monolayer. We investigated the electron transport properties
of a molecular device based on the amine-terminated
polyanions 2. For this purpose, we prepared SAMs of 2 on
flat bare template-stripped gold surface (AuTS)17 and
characterized it using ellipsometry, FT-IRRAS, X-ray photo-
emission spectroscopy (XPS), cyclic voltammetry (CV), and
conducting tip atomic force microscopy (C-AFM) measure-
ments.
It was found that the incubation of the freshly prepared gold
surface in the aqueous solution of Na-2 (10−3 M in DI water)
during 24 h leads to the formation of a layer with a thickness
between 1.4 ± 0.2 and 2.0 ± 0.2 nm (measured on two batches,
Figure 3. Room-temperature cyclic voltammograms of a 0.7 mM
solution of Na-1 in 0.5 M CH3COONa buffer (pH 4.8) with different
negative potential limits (−0.625, −0.75, −0.95, and −1.025 V) at a
scan rate of 20 mV/s.
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see Experimental Part), which is consistent with the expected
thickness of the polyoxoanion monolayer in the most probable
orientation on the gold surface shown in Figure S14 (∼1.7 nm
according to the XRD data). The thickness of the obtained
layer did not change after ultrasonic cleaning of the sample in
water, indicating a high stability of the POM SAM.
The results of topographic AFM in contact mode (Figure
S15) further suggest the homogeneity of the obtained layer.
The root-mean-square (RMS) roughness of 0.31 nm (RMS
roughness is defined here as the square root of the arithmetic
mean of the squares of each z value measured on an AFM
image) obtained by AFM is in a good agreement with a
standard deviation of 0.2 nm observed by ellipsometry. This
value is also well comparable with the RMS roughness of the
template-stripped (TS) Au surface before grafting molecules
measured at the same conditions, which is around 0.5 nm.
However, we note that AFM images reveal some pinholes with
a diameter of a few tens of nm and apparent depth of about 1
nm (about half the total SAM thickness, although the exact
value cannot be determined due to AFM tip convolution
effect).
The obtained POM-covered surface was also characterized
by CV. The three-electrode cell setup was used with a POM-
covered gold surface as the working electrode, Pt wire as a
counter electrode, and Ag/AgCl (saturated KCl) as a reference
electrode (Figure S16). The characteristic wave of the
successive one-electron reduction process attributed to 2 on
the gold surface (black line, Figure S16) was identified at ca.
−0.38 V vs Ag/AgCl (saturated KCl), but it is not well-defined
and appears irreversible. We also perform CV measurements of
the Na-2 in the same electrolyte solution we used for CV
studies of the POM-containing surface for comparison (red
line, Figure S16). For this measurement Pt wires acted as
working and counter electrodes, whereas Ag/AgCl (saturated
KCl) was used as a reference electrode.
The XPS experiments of the Na-2 SAM on gold (Figure
S17) show distinctive photoemission lines of W 4f7/2 (36.2 eV)
and W 4f5/2 (38.4 eV), As 3d (42.0 and 45.5 eV), C 1s (284.8
eV), and Co 2p (∼782 eV, almost invisible). The results are
confirmed by XPS measurements of the Na-2 powder sample,
which also reveal photoemission peaks of the other elements of
interest (Figure S18). Due to its low content and relatively low
photoionization cross sections, a very weak photoemission peak
of N 1s (∼401 eV) is present just at the detection limit of the
experiment and hints at a broadening and splitting indicative of
attachment of the amino group to the Au substrate. Doublets of
P 2p (∼136 eV) and Co 2p (∼781 eV) for the powder sample
are significantly stronger comparing to the Na-2 on Au, which
is aligned with our expectations. A semiquantitative analysis of
the photoemission lines belonging to Co, Na, P, W, and C was
performed using the SESSA simulation package.18 The analysis
confirms the powder retains its stoichiometry. Photoelectron
cross sections values were taken from ref 19, and inelastic mean
free path was calculated using the TPP-2 formula.20
Interestingly, the Na 1s peak was not observed for a Na-2
SAM on gold, in contrast to the XPS data for bulk material
(∼1073 eV for Na-2 powder).
Additionally, a thin layer of Na-2 immobilized on an Au
surface from an aqueous solution was characterized by FT-
IRRAS (Figure S19). The measurement reveals several
characteristic peaks that further support uniform Na-2
immobilization on the Au surface. Thus, the bands at 821
cm−1 as well as at 919 cm−1 are most likely vibrations of W−
O−W, Co−O−W, and P−O−W bonds, while that at 1108
cm−1 corresponds to vibrations of the P−O bonds. They are
slightly shifted as compared to the peaks detected by FT-IR
measurements in transmission of Na-2 powder (806, 881 cm−1;
and 1086 cm−1, respectively). This shift is expected due to the
different sample forms and measurement methods that lead to
variant vibration frequencies.21 The numerous rotational−
vibrational transitions observed between 2000 and 1200 cm−1
should be owing to the hydrophilic nature of Na-2, the high
amount of crystal water present in this compound, and the
preparation of the sample from ultrapure water.
Current−voltage (I−V) curves were measured by electrically
contacting the SAM by C-AFM. Figure 4a shows the 2D
histograms of around 300 I−V curves (see Experimental Part).
The I−V curves are dispersed over about three decades, as
shown by current histograms at a given bias (e.g., +0.9 and
−0.9 V, Figure S20). This dispersion is large when compared to
similar C-AFM measurements of alkylthiol SAMs on Au (here
about 3 decades vs about 122) or π-conjugated molecules.23
The I−V curves are symmetric with respect to the voltage
polarity. The current histograms are fitted by two Gaussian
peaks (Figure S20), and the mean values of the current
histograms (Figure S20) are ca. 1.82 × 10−11 A/1.6 × 10−10 A
(two peaks) at 0.9 V and ca. 1.9 × 10−11 A/2.1 × 10−10 A at
−0.9 V. The results have been reproduced in a second batch of
SAMs (see Figures S22−S24).
Table 1. Electrochemical Data for the Polyanions 1−4 in 0.5 M CH3COONa Buffer (pH 4.8)
a
POM E1/2
I, V E1/2
II, V E1/2
III, V E1/2
IV, V
1 −0.57 ± 0.04 −0.67 ± 0.03 −0.82 ± 0.03 −0.94 ± 0.03
2 −0.56 ± 0.07 −0.67 ± 0.04 −0.82 ± 0.03 −0.94 ± 0.03
4 −0.58 ± 0.07 −0.67 ± 0.05 −0.80 ± 0.02 −0.92 ± 0.03
3 −0.50 ± 0.08 −0.70 ± 0.06 −0.89 ± 0.06
aThe potentials are given vs Ag/AgCl reference electrode at a 20 mV/s scan rate.
Figure 4. (a) 2D current histogram of 325 I−V curves measured by C-
AFM (at a loading force of 30 nN) on the SAM of 2 chemically grafted
on an ultraflat template stripped gold electrode (AuTS). Voltages
applied on the AuTS electrode (C-AFM grounded). (b) Schematic
energy diagram of the AuTS/POM/PtIr C-AFM tip as deduced from
both the I−V and CV measurements.
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We can infer several possible origins for this large dispersion:
(1) Disorder in the SAMs. For example, in some cases
multipeaks and consequently a larger dispersion can be
observed for disordered SAMs over two decades of
current.24 This large dispersion can also be due to the
presence of “defects” (such as pinholes; see above and
Figure S15) with reduced thickness and thus larger
current through the SAMs. Thus, the two peaks in the
current histograms can be ascribed to zones of different
molecular organizations in the SAMs.
(2) Intermolecular interaction (π−π interactions) between
neighboring molecules, which can broaden the con-
ductance histograms.25
We also analyze the I−V curves with the TVS (transient
voltage spectroscopy) method26 to estimate the energy position
(with respect to the Fermi energy of the electrodes) of the
molecular orbital (HOMO or LUMO) involved in the charge
transport process (Figure 4b). From the minima of the TVS
plots (Figure S21), we deduced (see Experimental Part) a
LUMO at ca. (0.56 ± 0.17) eV above the electrode Fermi
energy (energy diagram Figure 4b) or at (4.24 ± 0.17) eV
below the vacuum level (considering a work function of AuTS at
4.8 eV). This later value is consistent with the LUMO position
determined from CV on the SAM, the reduction peak at −0.38
V giving a LUMO at −4.2 eV below the vacuum level (see
equation in the Experimental Part). This consistency between
I−V and CV measurements indicates a weak or moderate
electronic coupling between the molecules and the Au surface
(through the phenyl amine groups) on one side and through
the C-AFM tip mechanical contact on the other side.
■ EXPERIMENTAL PART
General Methods and Materials. Reagents were used as
purchased without further purification. Na12[α-P2W15O56]·24H2O
was obtained according to the reported procedure9 starting from
K6[α-P2W18O62]·14H2O.
27 Elemental analysis results (ICP-OES and
C, H, N) were obtained from Central Institute for Engineering,
Electronics and Analytics (ZEA-3), Forschungszentrum Jülich GmbH
(D-52425 Jülich, Germany). TGA/DTA measurements were carried
out with a Mettler Toledo TGA/SDTA 851 in dry N2 (60 mL min
−1)
at a heating rate of 5 K min−1. Vibrational spectra were recorded on a
Bruker VERTEX 70 FT-IR spectrometer coupled with a RAM II FT-
Raman module (1064 nm Nd:YAG laser) on KBr disks for the FT-IR
and the solid material for the Diamond ATR-FTIR and Raman
measurements. Liquid-phase ATR-FTIR spectra were obtained on a
saturated Na-2 solution in H2O. UV−vis spectra were measured using
10 mm quartz cuvettes on an Analytik Jena Specord S600
spectrophotometer.
Synthesis of Na25[Co9(OH)3(H2O)6(C6H5AsO3)2(P2W15O56)3]·
86H2O (Na-1). Na12[α-P2W15O56]·24H2O (0.221 g, 0.05 mmol),
CoCl2 (0.023 g, 0.175 mmol), and C6H5AsO3H2 (0.010 g, 0.05 mmol)
were dissolved in 6 mL of 0.66 M CH3COONa buffer (pH 5.2)
28
Table 2. Crystal Data and Structure Refinement for Na-1 and Na-2
Na-1 Na-2
empirical formula C12H197As2Co9Na25O269P6W45 C12H199As2Co9N2Na25O269P6W45
fw, g mol−1 14 360.73 14 390.76
cryst syst triclinic triclinic
space group P1̅ P1̅
a, Å 25.8088(3) 14.2262(2)
b, Å 25.8336(3) 24.8597(4)
c, Å 27.1598(3) 37.9388(4)
α, deg 78.1282(11) 81.9672(10)
β, deg 61.7276(14) 87.8161(10)
γ, deg 60.6220(14) 76.5409(12)
volume, Å3 13888.9(3) 12920.6(3)
Z 2 2
Dcalc, g/cm
3 3.434 3.699
absorp coeff, mm−1 19.496 20.958
F(000) 12 850 12 882
cryst size, mm3 0.08 × 0.23 × 0.81 0.11 × 0.16 × 0.51
theta range for data collection 4.08−25.35° 4.08−25.68°
completeness to θmax 99.5% 99.5%
index ranges −31 ≤ h ≤ 30, −17 ≤ h ≤ 17,
−31 ≤ k ≤ 31, −30 ≤ k ≤ 30,
−32 ≤ l ≤ 32 −45 ≤ l ≤ 46
reflns collected 259 838 248 406
indep reflns 50 595 48 866
Rint 0.0981 0.0799
obsd (I > 2σ(I)) 36 674 41 474
absorption corr analytical using a multifaceted crystal model
Tmin/Tmax 0.0201/0.3081 0.0159/0.2120
data/restraints/params 50 595/60/1941 48 866/54/2189
goodness-of-fit on F2 1.057 1.142
R1, wR2 (I > 2σ(I)) R1 = 0.0614, R1 = 0.0643,
wR2 = 0.1450 wR2 = 0.1374
R1, wR2 (all data) R1 = 0.0923, R1 = 0.0771,
wR2 = 0.1698 wR2 = 0.1443
largest diff peak and hole, e Å−3 5.061 and −4.591 4.614 and −4.239
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under vigorous stirring in an oil bath at 60 °C for 4 days. The reaction
mixture was then filtered, divided into several vials, and left for
evaporation at room temperature. Brown plate-like crystals of the side-
product Na16−xHx[(H2O)2Co4(P2W15O56)2]·nH2O (Na-3) start to
appear immediately after cooling the reaction mixture to room
temperature. They have to be removed by filtration, and filtration of
Na-3 has to be repeated in the next few days. Pure dark-pink crystals
of Na-1 form after 2 weeks. The crystals were collected by filtration,
washed with 0.66 M CH3COONa buffer, and dried in air. Yield: 0.016
mg ( 6 . 6% b a s e d o n { P 2W 1 5 } ) . A n a l . C a l c d f o r
C12H197Co9Na25O269P6As2W45 (found): C, 1.00 (1.04); H, 1.38
(1.38); Co, 3.69 (3.70); Na, 4.00 (4.00); P, 1.29 (1.29); As, 1.04
(1.03); W, 57.61 (55.7) %. IR (KBr pellet), cm−1: 3454 (s, br); 1632
(s); 1439 (w); 1418 (w); 1385 (w); 1352 (w); 1084 (s); 1042 (m);
1011 (m); 933 (s); 912 (s); 880 (s); 806 (s); 731 (s); 598 (m); 561
(m); 525 (m); 492 (m); 459 (m). Raman (in solid), cm−1: 977 (s);
956 (s); 880 (m); 816 (m); 523 (w); 370 (m); 121 (m). UV−vis
(H2O): λ = 215 nm, ε = 2.45 × 10
7 M−1 cm−1; λ = 265 nm, ε = 1.06 ×
107 M−1 cm−1; λ = 532 nm, ε = 3.67 × 105 M−1 cm−1. UV−vis (0.5 M
CH3COONa solution, pH 5.1): λ = 235 nm, ε = 3.21 × 10
9 M−1 cm−1;
λ = 531 nm, ε = 3.88 × 105 M−1 cm−1.
Synthesis of Na25[Co9(OH)3(H2O)6(H2NC6H4AsO3)2-
(P2W15O56)3]·86H2O (Na-2). Na12[α-P2W15O56]·24H2O (0.221 g,
0.05 mmol), CoCl2 (0.023 g, 0.175 mmol), and H2NC6H4AsO3H2
(0.011 g, 0.05 mmol) were dissolved in 6 mL of 0.66 M CH3COONa
buffer (pH 5.2)28 under vigorous stirring in an oil bath at 60 °C for 4
days. Then the resulting reaction mixture was filtered, divided into
several vials, and left for evaporation at room temperature. Brown
plate-like crystals of the side product Na16−xHx[(H2O)2Co4-
(P2W15O56)2]·nH2O (Na-3) start to form immediately after cooling
the reaction mixture and have to be removed by filtration after the
reaction and on the next day. Pink needle-like crystals of Na-2 form
after 2 days. They were collected by filtration, washed with 0.66 M
CH3COONa buffer, and dried in air. Yield: 0.0075 mg (3.1% based on
{P2W15}). Anal. Cald for C12H199N2Co9Na25O269P6As2W45 (found): C,
1.00 (1.09); H, 1.39 (1.37); N, 0.19 (0.19); Co, 3.69 (3.73); Na, 3.99
(3.93); P, 1.29 (1.33); As, 1.04 (1.09); W, 57.49 (57.67)%. IR (KBr
pellet), cm−1: 3449 (s, br); 1626 (s); 1504 (w); 1470 (w); 1383 (w);
1354 (w); 1321 (w); 1292 (w); 1264 (w), 1194 (w); 1142 (m); 1086
(s); 1042 (m); 1009 (m); 932 (s); 910 (s), 881 (s); 806 (s); 725 (s);
600 (m); 561 (m); 521 (s); 457 (m). Raman (in solid), cm−1: 978 (s);
957 (s); 916 (m), 905 (m), 893 (m), 883 (m); 839 (m); 523 (w).
UV−vis (H2O): λ = 195 nm, ε = 1.23 × 108 M−1 cm−1; λ = 255 nm, ε
= 3.01 × 107 M−1 cm−1; λ = 532 nm, ε = 6.60 × 104 M−1 cm−1.
X-ray Crystallography. Single-crystal diffraction data for Na-1
and Na-2 were collected on a SuperNova (Agilent Technologies)
diffractometer with Mo Kα radiation (λ = 0.710 73 Å) at 120 K.
Crystals were mounted in a Hampton cryoloop with Paratone-N oil to
prevent water loss. Absorption corrections were applied numerically
based on a multifaceted crystal model using CrysAlis software.29 The
SHELXTL software package30 was used to solve and refine the
structure. The structures were solved by direct methods and refined by
full-matrix least-squares method against |F|2 with anisotropic thermal
parameters for all heavy atoms (W, P, Co, Na).
The hydrogen atoms of the phenyl rings in Na-1 and Na-2 and the
amino groups in Na-2 were placed in geometrically calculated
positions. The hydrogens of the water molecules and OH groups
were not located. The relative site occupancy factors for the disordered
positions of Na+ countercations and oxygen atoms of cocrystallized
solvent water molecules were first refined in an isotropic
approximation with Uiso = 0.05 and then fixed at the obtained values
and refined without the thermal parameter restrictions.
One of the P2W15 ligands in the Na-2 structure was disordered with
a 95:5% ratio between the two components. The disorder was
modeled using a combination of PART and EADP instructions. The
rather high value still remaining for the second weighting term (650
for Na-1 and 1420 for Na-2) most likely reflects the large volume
occupied by highly disordered solvate and is consistent with large
solvent-accessible volume remaining in the structures. Severe disorder
did not allow localizing the positions for all the Na cations and O
atoms of crystal waters in Na-1. Thus, only 16.5 Na+ ions and 60
cocrystallized H2O molecules have been found from the X-ray data for
this compound, while 25 Na+ and 86 crystal waters are present as
based on elemental and thermogravimetrical analyses (TGA). For the
overall consistency, the final formula in the CIF file of Na-1
corresponds to the composition of the bulk material determined by
elemental analysis and TGA, as all further studies were performed on
the isolated well-dried bulk materials of Na-1. The number of
counterions and cocrystallized solvent molecules found in the crystal
structure for Na-2 was consistent with those determined by other
analytical techniques.
Additional crystallographic data are summarized in Table 2. Further
details on the crystal structure investigation can be obtained, free of
charge, on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK: http://www.ccdc.cam.ac.uk/, e-mail: data_request@ccdc.
cam.ac.uk, or fax: + 441223 336033 upon quoting 1552113 (Na-1)
and 1552114 (Na-2) numbers.
Magnetic Measurements. These were performed using a
Quantum Design MPMS-5XL SQUID magnetometer. The poly-
crystalline samples were compacted and immobilized into cylindrical
PTFE capsules. In static magnetic field, data were acquired as a
function of the magnetic field (0.1−5.0 T at 2.0 K) and temperature
(2.0−290 K at 0.1 T). Dynamical field (ac) data were collected in the
absence of a static bias field in the frequency range 1−1500 Hz (T =
2.0−50 K, Bac = 3 G); however, no out-of-phase signals were detected.
Data were corrected for the diamagnetic contributions of sample
holder and compound (Na-1: χdia = −7.18 × 10−3 cm3 mol−1, Na-2:
χdia = −7.20 × 10−3 cm3 mol−1).
Cyclic Voltammograms of 1−4. These were recorded in aqueous
media using a Bio Logic SP-150 potentiostat controlled via EC-Lab
software. The conventional three-electrode electrochemical cell
included a glassy carbon working electrode with a diameter of 3
mm, a platinum wire counter electrode, and an aqueous Ag/AgCl (3
M NaCl) reference electrode (0.196 V vs SHE determined by
measuring [Fe(CN)6]
3−/4− as an internal standard). The solutions
were thoroughly deaerated with pure argon and kept under a positive
Ar pressure during the experiments. Alumina powder was used for the
cleaning of the working electrode, which was then thoroughly rinsed
with deionized water. Redox potentials were determined from the
average values of the anodic and cathodic peak potentials and reported
vs Ag/AgCl (3 M NaCl) reference electrode.
Template-Stripped Au Substrates. Very flat AuTS surfaces were
prepared according to the method reported by the Whiteside’s
group.17 In brief, a 300−500 nm thick Au film is evaporated on a very
flat silicon wafer covered by its native SiO2 (RMS roughness of 0.4
nm), which was previously carefully cleaned by piranha solution (30
min in 2:1 H2SO4/H2O2 (v/v); Caution: Piranha solution is exothermic
and strongly reacts with organics), rinsed with deionized (DI) water, and
dried under a stream of nitrogen. A clean glass piece (ultrasonicated in
acetone for 5 min, ultrasonicated in 2-propanol for 5 min, and UV-
irradiated in ozone for 10 min) is glued (UV polymerizable glue) on
the evaporated Au film and mechanically stripped with the Au film
attached on the glass piece (Au film is cut with a razor blade around
the glass piece). This very flat (RMS roughness of 0.4 nm, the same as
the SiO2 surface used as template) and clean template-stripped Au
TS
surface is immediately used for the formation of the molecule self-
assembled monolayer.
Spectroscopic Ellipsometry. We recorded spectroscopic ellips-
ometry data in the visible range using a UVISEL (Jobin Yvon Horiba)
spectroscopic ellipsometer equipped with DeltaPsi 2 data analysis
software. The system acquired a spectrum ranging from 2 to 4.5 eV
(corresponding to 300 to 750 nm) with intervals of 0.1 eV (or 15 nm).
Data were taken at an angle of incidence of 70°, and the compensator
was set at 45.0°. Data were fitted by a regression analysis to a film-on-
substrate model as described by their thickness and their complex
refractive indexes. First, a background before monolayer deposition for
the gold-coated substrate was recorded. Second, after the monolayer
deposition, we used a two-layer model (substrate/SAM) to fit the
measured data and to determine the SAM thickness. We employed the
previously measured optical properties of the gold-coated substrate
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(background), and we fixed the refractive index of the organic
monolayer at 1.50. The usual values in the literature for the refractive
index of organic monolayers are in the range 1.45−1.50.31 We can
notice that a change from 1.50 to 1.55 would result in less than 1 Å
error for a thickness less than 30 Å. We estimated the accuracy of the
SAM thickness measurements at ±2 Å.
IRRAS Measurements. These were performed on a Bruker Vertex
70 FT-IR spectrometer equipped with a high-sensitivity Hg−Cd−Te
(MCT) detector and an A513/Q variable-angle reflection accessory
including an automatic rotational holder for the MIR polarizer. The IR
beam was polarized with a KRS-5 polarizer with 99% degree of
polarization. Double-sided interferograms were collected with a sample
frequency of 20 kHz, an aperture of 1.5 mm, and a nominal spectral
resolution of 4 cm−1. The interferograms were apodized by a
Blackmann−Harris three-term apodization and zero-filled with a
zero-filling factor of 2. The angle of incidence was set to 80°, and p-
polarized IR radiation was used to record the spectra. For the
background measurements, the sample chamber was purged with
argon for 5 min; then 1024 scans were collected while continuing to
purge. For the sample measurements, argon purging was started at the
moment the first scan was recorded. The scans were averaged until the
peaks arising from the water vapor in the sample chamber were
compensated, for which typically 800−1500 scans were necessary.
Where necessary, scattering correction was applied to the spectra.
General Procedure for the Preparation of Au Substrates for
IRRAS. Au substrates were fabricated by sputtering a 10 nm adhesive
film of Ti and a 100 nm thick layer of Au on ⟨100⟩-oriented silicon
wafers with a native SiO2 layer. The freshly prepared Au substrates
were cleaned in oxygen plasma [p(O2) = 0.4 mbar, f = 40 kHz, and P =
75 W] for 4 min immediately prior to the Na-2 deposition. For the
deposition, a low concentrated solution (∼0.4 mmol) of the Na-2
sample was prepared using ultrapure water with a conductivity of <55
nS cm−1. The Au substrate was stored for 24 h in this solution, then
washed with a small amount of ultrapure water and dried for 24 h in a
desiccator.
Cyclic Voltammograms of 2 on Gold. CV experiments were
performed with a Modulab potentiostat from Solartron Analytical and
a classical three-electrode electrochemical cell. The SAM-covered AuTS
electrode was used as the working electrode. The counter electrode
was a platinum wire (0.5 mm), and Ag/AgCl (saturated KCl) was used
as a reference electrode (REF). The CV curve was recorded at a scan
rate of 100 mV/s. The energy position (with respect to vacuum) of the
LUMO of the SAM was estimated from the first reduction peak Ered by
ELUMO = −(Ered + EREF/SHE) − 4.2432 in eV with EREF/SHE = 0.196 V for
the Ag/AgCl reference electrode.
XPS Experiments of 2 on Gold. These were performed to
analyze the chemical composition of the obtained layer on gold and to
detect any unremoved contaminant. We used a Physical Electronics
5600 spectrometer fitted in a UHV chamber with a residual pressure of
2 × 10−10 Torr. High-resolution spectra were recorded with a
monochromatic Al Kα X-ray source (hν = 1486.6 eV), a detection
angle of 45° as referenced to the sample surface, an analyzer entrance
slit width of 400 μm, and an analyzer pass energy of 12 eV. In these
conditions, the overall resolution as measured from the full-width at
half-maximum of the Ag 3d5/2 line is 0.55 eV. The spectra were
recalibrated with respect to the C 1s peak at 284.8 eV. Semi-
quantitative analyses were completed after standard background
subtraction according to Shirley’s method.33 Peaks were decomposed
by using Voigt functions and a least-squares minimization procedure
and by keeping constant the Gaussian and Lorentzian broadenings for
each component of a given peak.
XPS Experiments of the Reference Powder Sample of Na-2.
These were carried out using the Specs Phoibos-150 energy analyzer
and a non-monochromatized Al Kα X-ray source, with an overall
energy resolution of 0.9 eV. The energy calibration of XPS
measurements was done by aligning of the C 1s core level peak to
284.8 eV. The spectra were analyzed after Shirley background
subtraction, with exceptions of Co 2p, N 1s, and As 3p + P 2p
regions, where the linear background was used instead. Spectra were
decomposed using Voigt-function shapes, and fitting employed the
KolXPD analysis package. Small charging effects were observed; the C
1s core-level exhibits an asymmetry, and it was decomposed into two
symmetrical Voigt components (287.1 and 288.5 eV). The energy axis
of measurements was left unmodified.
C-AFM Measurements and TVS Analysis. We performed
current−voltage measurements by C-AFM in ambient air (ICON,
Bruker), using a PtIr-coated tip (tip radius of curvature less than 25
nm, force constant in the range 0.17−0.2 N/m). Placing the
conducting tips at a stationary point contact formed nanojunctions.
A square grid of 10 × 10 is defined with a lateral step of 2 nm. At each
point, 10 I−V curves are acquired (back and forth), leading to the
measurements of 1000 I−V traces. Out of these 1000 I−V traces, some
were removed (main causes: no current−bad tip contact, noise larger
than average current−tip contact fluctuations, too high current, e.g.,
short-circuit or pinhole in the SAM, inducing saturation of the current
preamplifier), leading to about 300 useful I−V traces (exact number
indicated in the related figures). The load force was adjusted in the
range 20−30 nN and measured by force−distance curves with the
controlling software of the ICON. The bias was applied on the AuTS
substrate, and the tip was grounded through the input of the current
amplifier. The voltage sweeps (back and forth) were applied from 0 to
1 V and then from 0 to −1 V.
The I−V curves are analyzed by the TVS method.26 In brief, the I−
V data are plotted as ln(I/V2) vs 1/V. A minimum in this curve
corresponds to a transition from a direct tunneling electron transport
through the molecules and a resonant tunneling via a frontier
molecular orbital (LUMO or HOMO). The energy position ε0 of the
orbital involved in the transport mechanism with respect to the Fermi
energy of the metal electrode is given by
ε| | = | |
+ | | +
+ −
+ + − −
e V V
V V V V
2
10 /3
0
T T
T
2
T T T
2
where e is the electron charge and VT+ and VT− are the voltage of the
minima of the TVS plot at positive and negative voltages,
respectively.34
■ CONCLUSIONS
In summary, we suggest a general strategy for functionalization
of polyoxometalates by integration of organoarsonates as
prosthetic coligands to polyoxotungstate units, which can also
stabilize polynuclear magnetic cores. Depending on the
terminal organoarsonate residue, this can enable their attach-
ment to metallic electrode surfaces, which we intend to explore
in the context of molecular electronics and spintronics. Two
corresponding polyanions with external phenyl and para-
aminophenyl groups have been prepared and characterized in
the solid state and in solution. The derivative comprising
terminal amino groups was anchored to a Au surface, and the
thus-obtained SAM was extensively characterized via ellipsom-
etry, FT-IRRAS, XPS, cyclic voltammetry, and C-AFM
measurements. This study thereby proves the recently
suggested suitability of the −NH2 functional group for direct
binding of molecules to noble metal surfaces (e.g., Au0) without
a mercaptocarboxylate link commonly used for this purpose.
Electron transport measurements by C-AFM show a relatively
large dispersion of the current through the molecular junctions,
corresponding to the polyoxotungstate-centered LUMO
orbitals located between ca. 0.4 and 0.7 eV above the Fermi
energy of the Au electrode. The presence of the second amino
group not bound to the metal substrate in principle can also be
used for postfunctionalization of the formed SAM that we plan
to explore in follow-up work.
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